The effects of temperature on the activation, glucose-induced germination, and outgrowth of Bacillus megaterium QM B1551 spores were investigated. There was no evidence for discontinuities in the response of spores to temperature in these processes reflecting reported thermal anomalies in the physical structure of water. Increasing the temperature of heat activation (aqueous suspensions, 5 min) increased the germinability of spores. Activation, as measured by extent of germination, was optimal after heating at 62 to 78 C, and the rate of spore germination was maximal after heat activation at 64 to 68 C. Increasing the temperature of activation above 68 C depressed the germination rate and increased the time lag before this rate was reached. Germination occurred over a wide range of temperatures, but was optimal between 28 and 38 C. The highest rate of germination was at 38 C; at lower incubation temperatures, the maximum attained rate was lower and the lag in attaining this rate was extended. Outgrowth (postgerminative development through the first cell division) of the germinated spores in Brain Heart Infusion (BHI) occurred in at least two phases-a temperature-dependent lag phase followed by a relatively temperature-independent phase of maximum outgrowth rate, during which increase in optical density was a linear function of time. Outgrowth time (time required for doubling of the initial optical density), essentially dependent on the time for completion of the lag phase, was shortest at temperatures between 34 and 40 C. The temperature-dependent lag phase was completed in a rich medium (e.g., BHI) but not in the glucose germination medium, suggesting that the endogenous reserves of the germinated spore were inadequate to support the metabolic synthetic events occurring during this period.
The effects of temperature on the activation, glucose-induced germination, and outgrowth of Bacillus megaterium QM B1551 spores were investigated. There was no evidence for discontinuities in the response of spores to temperature in these processes reflecting reported thermal anomalies in the physical structure of water. Increasing the temperature of heat activation (aqueous suspensions, 5 min) increased the germinability of spores. Activation, as measured by extent of germination, was optimal after heating at 62 to 78 C, and the rate of spore germination was maximal after heat activation at 64 to 68 C. Increasing the temperature of activation above 68 C depressed the germination rate and increased the time lag before this rate was reached. Germination occurred over a wide range of temperatures, but was optimal between 28 and 38 C. The highest rate of germination was at 38 C; at lower incubation temperatures, the maximum attained rate was lower and the lag in attaining this rate was extended. Outgrowth (postgerminative development through the first cell division) of the germinated spores in Brain Heart Infusion (BHI) occurred in at least two phases-a temperature-dependent lag phase followed by a relatively temperature-independent phase of maximum outgrowth rate, during which increase in optical density was a linear function of time. Outgrowth time (time required for doubling of the initial optical density), essentially dependent on the time for completion of the lag phase, was shortest at temperatures between 34 and 40 C. The temperature-dependent lag phase was completed in a rich medium (e.g., BHI) but not in the glucose germination medium, suggesting that the endogenous reserves of the germinated spore were inadequate to support the metabolic synthetic events occurring during this period.
These experiments were initiated to explore the possibility that anomalies in the physical structure of liquid water at various temperatures might result in anomalous responses in activation, germination, and outgrowth of bacterial spores. Drost-Hansen (5) has claimed that there are discontinuities or "kinks" in the physical properties of water at, or near, 15, 30, 45 , and 60 C. At these specific temperatures, liquid water was said to undergo stepwise collapse in molecular structure, as estimated by such physical parameters as vibrational spectra, surface tension, compressibility, specific volume, etc., although much of this evidence for existence of discontinuities has been questioned (6) . At the same specific temperatures at which thermal discontinuities in the structure of liquid water were claimed on the basis of physical measurements, anomalous thermal responses have also been reported in biological systems (4, 5) .
Activation conditions the dormant spore to germinate; germination results in a cell which has lost the characteristics typical of a bacterial spore (refractility, nonstainability, dipicolinic acid, heat resistance, etc.); outgrowth (postgerminative development), a period of macromolecular synthesis, results in the emergence of a new vegetative cell (10) . These processes occur over temperature ranges including most of the temperatures at which thermal discontinuities in water structure are said to occur and at which biological thermal anomalies have been predicted. We have demonstrated that water is essential in spore activation (7) and have postulated that heating or adding ethyl alcohol so alters the molecular structure of liquid water as to make it resemble water vapor in its enhanced ability to penetrate to a spore site whose hydration is required for the reactions leading to spore activation. In 12 and 50 C). Removal of Klett tubes from the water bath (for about 0.25 min at ambient temperature, 25 C) for readings at 0, 10, 20, 30, 60, and 120 min probably contributed little error in maintenance of the germination temperature, since the final OD loss and per cent stainability in these tubes were identical to these measurements in replicate tubes which remained in the water bath for the entire 120-min incubation period.
Outgrowth (postgerminative development). Heatactivated (65 C, 10 min) spores were germinated (>98%) in phosphate-buffered glucose for 30 min at 30 C, equilibrated to the required outgrowth temperature (increments of 2 C between 16 and 50 C) and mixed with Brain Heart Infusion (BHI; Difco) at the same temperature. Duplicate 50-ml Erlenmeyer flasks, containing 4 ml of the growing spore suspensions (1 mg of spores/ml), were incubated with reciprocal shaking (100 strokes/min) at the required temperature in a thermostatically controlled water bath. At intervals during incubation in BHI, which supports rapid and near-synchronous outgrowth (swelling, elongation, and division) of the germinated spores, the turbidity of a 1: 5 dilution of the growing culture was measured at 560 nm, and outgrowth time (time for completion of the first cell division) was arbitrarily estimated as the time (in minutes) required for doubling of the original Klett660 reading of about 75.
In further studies of the nature of the observed temperature-dependent lag in outgrowth, germinated spore suspensions were allowed to incubate longer than 30 min in the germination medium (phosphatebuffered glucose) before incubation with BHI. In another experiment, spore suspensions, after germination in phosphate-buffered glucose for 30 min at 30 C, were incubated in BHI at 30 C for various periods of time before being transferred to 22 C for the completion of outgrowth, or at 22 C for 80 min before being transferred to 30 C for the completion of outgrowth.
RESULTS AND DISCUSSION Activation. It has long been recognized that the dormancy of bacterial spores is altered by the application of heat (3) . Heat activation increases the rate and extent of germination and decreases the lag period before germination is apparent (7, 13, 17) .
Suspensions of unheated B. megaterium spores were essentially dormant for glucoseinduced germination, losing only 5% of their original OD after incubation in glucose for 120 min at 30 C. The germinability of spores on glucose increased with the temperature of the 5-min heat shock, reached a maximum after heating at 62 to 78 C, and decreased after heating at temperatures of 80 C or higher (Fig. 1) . There was some suggestion of a sharp increase in germinability after heating at 56 C. However, as seen in the semilog plot (Fig. 1, insert water vapor (7) . Lyophilized spores, exposed to ACTIVATION TEMPERATURE (00) water vapor (50% relative humidity) at tem-1. Effect ofactivation temperature on the extent peratures between 30 and 60 C for 1 hr, were megaterium spore germination. Spores heated in germinated in glucose for 2 hr at 30 C. Activation )us suspension (I mg ofspores/mi) for S minat the increased with increasing temperature of exited temperatures were germinated for 120 min * * -C in 25 mM glucose, buffered with 50 mM potas-posure at 50% relative humidity, maeximum phosphate (pH 7.0). Untreated spores lost about activation being attained after exposure at )f their original OD. Insert is a semilogarithmic temperatures between 45 and 60 C (Fig. 3) . The )f a portion of the data. slight increase in germinability after exposure to water vapor between 55 and 60 C may be atased exposure time being required as the tributable to heat activation of spores which had ation temperature was decreased. Since we taken up atmospheric water. used only a single time (5 min) of heating,
There was no evidence for thermal anomalies such time-temperature relationships are not apparent here, but are currently under investigation.
The germination rate, and the lag period before attainment of the maximum rate of germination, also depended on the temperature of heat activation. Maximum germination on glucose was attained by spores which had been heat-activated at temperatures between 62 and 78 C (Fig. 1) . However, spores which had been heat-activated for 5 min at 64 to 68 C attained their maximum rate of glucose-induced germination during the first 10 min of incubation (Fig. 2) ; the depression at 68 C in the curve showing germination rates between 20 and 30 min resulted from the early near-completion of germination of spores activated at this temperature. After activation at higher temperatures, there was an increasing lag before the rate of germination on glucose became maximal. Spores heated at 74 C had a somewhat lower maximum rate of germination than spores activated at 64 to 68 C, and this rate was not attained until the second 10 min of germination. With increase in activation temperature to 80 C, the time for attainment of the maximum germination rate was further extended; the rate was lower than and spores in the response 4 vapor activation.
Germination. T tion (13, 17, 18) 
ATION TEMPERATURE(MC)
The temperature of germination also affected the rate of germination and the lag before the gaterium spore germination. Lyoph maximal germination rate was achieved. Aldfor 60 min at 50% relative humid-though there was nearly 100% germination of temperatures were germinated as in the 60 C-activated spores at germination tempores lost about 5% of their original peratures between 28 and 38 C (Fig. 4) , spores incubated at 38 C attained a higher germination rate than spores germinated at 28 C and had a of spores to heat or to water-shorter lag before the maximal rate was attained (Fig. 5 ). At lower germination temperatures 'he rate and extent of germina-(e.g., 20 C), the extent of spore germination was and the lag period preceding submaximal, the germination rate was lower, (9) . Activation energies for germination, calculated from Arrhenius plots of rate of germination (13, 15, 18) or germination lag (9) were of a magnitude typical of enzymic reactions. Heat-activated B. megaterium spores were germinated in glucose at temperatures between 12 and 50 C. There was an increasing extent of germination with increasing germination temperature, followed by a broad temperature optimum and then a gradual decrease as the germination temperature was still further increased to 50 C (Fig. 4) . Spores activated at 60 C for 5 min germinated maximally (near 100%) at temperatures from 28 to 38 C. Spores which had been activated at a lower temperature Outgrowth. Although the effects of temperature on the vegetative growth of bacteria have been studied extensively. there appear to have been few investigations detailing the effects of temperature on the outgrowth of germinated spores as they swell, elongate to the typical bacillary form, and undergo the first cell division. This is a time of active, and probably temperature-dependent, macromolecular synthesis (11).
B. megaterium spores, germinated (>98%) in the phosphate-buffered glucose medium, which was deficient in the nitrogen and sulfur necessary for outgrowth (12) , were then incubated at various temperatures in BHI, a medium which supports rapid and near-synchronous postgerminative development. Outgrowth of the germinated spores in BHI appeared to occur in at least two phases (Fig. 6) , a temperature-dependent lag phase followed by a phase of maximal outgrowth rate. The duration of the lag was estimated by extrapolation of the rectilinear portion of the curve to the original OD. The maximal outgrowth rate, characteristic of the second phase of outgrowth and during which OD increase was a linear function of time, was essentially equal for all temperatures between 24 and 46 C and was somewhat decreased at temperatures below 24 C. However, at elevated temperatures (42 to 46 C), the initially high outgrowth rate decreased markedly shortly after (42 C) or before (44 and 46 C) the OD had doubled. Outgrowth time was estimated as the time required for doubling of the initial OD, except that at 44 and 46 C it was estimated by extrapolation of the maximal outgrowth rate to OD doubling. There was no turbidimetric or microscopic evidence of outgrowth at 50 C during the more than 10 hr of the experiment (Fig. 6 ).
The effects of temperature on the outgrowth lag and on outgrowth time are summarized in Fig. 7 . The shortest lag (about 40 min) and the shortest outgrowth time (about 130 min) were at temperatures between 34 and 40 C, a temperature range similar to that optimal for germination (Fig. 4) . The time required for completion of the lag phase of outgrowth increased with decreasing temperature (about 440 min at 16 C) and strongly influenced the outgrowth time, which was also extended with decreasing temperature (about 650 min at 16 C). At temperatures above 42 C, the lag was short but linear growth was depressed soon after its inception and before the OD had doubled. At the time of OD doubling, microscopic observations revealed that at all temperatures between 16 and 42 C about 85% of the germinated spores had completed one cell division and about 6% were elongated. At 44 and 46 C, fewer germinated spores had completed their first cell division (about 70%) and a higher percentage (about 15%) was still in the elongated form.
The activation energy for the lag phase (25,000 cal/mole), calculated from an Arrhenius plot (Fig. 7, insert) of the reciprocal of lag times from 16 to 32 C, was consistent with an enzymic reaction, lending support to our assumption that the lag represented a period of enzymic synthesis of macromolecules (proteins, nucleic acids) necessary for attainment of the maximal outgrowth rate. If this assumption is correct, one would expect a requirement for endogenous or exogenous nitrogen and sulfur sources for completion of the lag (12) .
Incubation of germinated spores in the glucose germination medium for additional periods of up to 185 min (beyond 30 min) did not decrease the outgrowth lag in BHI. Germinated spores apparently lacked sufficient endogenous reserves to support, in glucose alone, the syntheses associated with completion of the lag phase of outgrowth. On the other hand, the nutrients supplied exogenously in BHI did permit completion of the outgrowth lag, and the fraction of the lag which was completed in a given time depended on the temperature of incubation in BHI. Thus, for example, germinated spores incubated in BHI at 30 C for 40 min had completed 40/62 of their 62-min lag and, when transferred to 22 C, required an additional 22/62 of their 172-min outgrowth lag at the lower temperature, or an additional 61 min. Conversely, germinated spores, incubated in BHI at 22 C for 80 min, completed 80/172 of their 172-min lag, and, when transferred to 30 C, required an additional 92/172 of their 62-min outgrowth lag at the higher temperature, or an additional 33 min. However, in no case, did preincubation in BHI at one temperature significantly alter the rate of OD increase at another temperature during the second phase of outgrowth, the phase of maximum linear rate.
There was no evidence of any discontinuous thermal response in outgrowth. Temperature affected principally the metabolic events occurring during the lag phase of outgrowth; the following phase of maximal outgrowth rate was relatively less sensitive to temperature. Completion of the outgrowth lag, presumably a period of synthesis, required nutrients available in a rich medium such as BHI but unavailable in the glucose germination medium and in the germinated spore itself.
The temperature responses of the stages in the transition from spore to vegetative cell are summarized in Fig. 8 . Each stage in this transition-activation, germination, and outgrowthhad a characteristic response to temperature. The optimal temperature for heat activation was between 62 and 78 C; for germination and for outgrowth, the optimal temperatures were between 30 and 36 C and 34 and 40 C, respectively.
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